There is one family of fluorophores, 3-hydroxyflavones (3-HF), which potentially satisfies these require 
Introduction phore is the ability to report on different properties of environment simultaneously. Its heterocyclic -elecFluorescence microscopy of the living cell is a rapidly tronic system, which provides the strong increase in developing field of research with countless potentialities asymmetry of charge distribution in the excited state, [1-3], and the success in visualization of cellular suballows the shifts of fluorescence spectra similarly to structures, membranes, and macromolecules provided common solvatochromic and electrochromic dyes; but a strong impulse for further development of this method.
since the two bands in emission originate from two sepaOne of the very promising prospects that is still poorly rate excited states, N* and T*, with different magnitudes explored at the biological membrane level is the possibiland orientations of their dipole moments [11, 12] , the ity of providing the color-changing response to different sensitivity of these states to polarity and electric field structural perturbations in cell membranes that can be perturbation of their microenvironment is different. The offered by two-color ratiometric probes [4] . The strong ESIPT reaction site is strictly localized between 3-hydroxyl and 4-carbonyl groups, which form a hydrogen bond that closes a low-stable five-membered ring [8] . Therefore, this reaction shows extreme sensitivity to intermolecular with relatively high yields. Then, the aldehyde was condensed with 2Ј-hydroxyacetophenone, and the resultant hydrogen bond perturbations [9] that should have a certain directionality in space. Moreover, because of the chalcone was transformed into corresponding flavone. Finally, the obtained flavone was transformed into correasymmetric nature of the chromophore and unidirectional nature of ESIPT reaction, the fluorescence spectra sponding zwitterionic compound PPZ by treating with 1,3-propanesultone. It should be noted that PPZ, unlike are expected to be sensitive to anisotropic properties of the environment and in particular to electrostatic fields.
all the other products, is less soluble in common organic solvents except DMSO. This is extremely attractive in the studies of different structurally anisotropic systems such as micelles, monolayers, and biological membranes.
Absorption and Fluorescence Properties Application of these properties cannot be efficient in Neat Solvents without providing the chromophore the ability of occuAll the new probes display two bands in emission specpying definite location and orientation in the membrane.
tra. Thus, they retain the property of being able to unThe most efficient method for the emplacement of the dergo ESIPT, which is manifested by the presence of chromophore at the desirable site in the bilayer is the two N* and T* emission bands, but the relative intensities attachment of a positively charged group. This allows of these bands exhibit broad variations (Figure 2 ). Flaits localization at the bilayer interface due to interaction vone probes F2N8 and F4N1, which possess the posiof this group with the negative charge of phosphate tively charged group attached to chromone unit, demongroups [21, 22]. Particularly, this can be important for strate almost identical absorption and fluorescence those low-polar chromophores that are intended to prospectra in various neat solvents (Table 1) . However, trude deeply into the bilayer [6]. Additional stabilization when compared with the parent flavone F, they show and orientation of the probe can be achieved by introboth absorption and fluorescence spectra shifted to duction at proper places of aliphatic hydrocarbon chains longer wavelengths together with significant increase of of different lengths, which make the probe properties relative intensity of the N* band. In contrast, flavone PPZ close to that of lipids.
shows considerable blue shifts in the spectra along with In this study, we synthesized novel flavone derivatives a decrease of the relative intensity of N* band (Figure containing quaternary ammonium group as an attached 2; Table 1 ). These differences can be attributed to an positive charge, and hydrocarbon chains at different effect of proximity to the chromophore of positive positions. These modifications are made with strong charge, which, interacting electrostatically with 3-HF concern toward maintaining, unchanged, the property moiety, either stabilizes (F2N8, F4N1) or destabilizes of the 3-hydroxyflavones to undergo ESIPT reaction, (PPZ) its N*-excited state. This phenomenon was reallowing very sensitive and convenient two-band racently studied in detail for a series of charged and untiometric detection in fluorescence.
charged 3-HF derivatives in the solvents of different dielectric properties [24] . It was found that the intensity ratio of N* and T* bands can exhibit dramatic electroResults and Discussion chromic modulation (internal Stark effect), and the dielectric screening of the proximal charge by the dipolar Synthesis molecules or ions decreases the effect. In order to introduce a charged group to a 3-hydroxyflaSimilarly to the parent flavone F, all the novel flavones vone chromophore from the chromone side, the starting demonstrate strong sensitivity to the polarity of their material, 5-chloromethyl-2-hydroxyacetophenone, was environment. Increase of solvent polarity for all the prepared (Figure 1 However, F2N8 seems to be located more precisely than more scattered quenching data, the results remained F, as can be seen from the quenching data (Table 2) . coherent with those obtained with unilamellar vesicles Indeed, the medium nitroxide-PC quenches F and F2N8 (Table 2) .
with the same efficiency, while shallow and deep quenchers affect much stronger probe F, which is probably due According to these data, the probes F and F2N8 locate While in the case of F and F2N8, it locates on the level of sn 2 carbonyls of phospholipids, for F4N1 and PPZ it is close to the deeper sn 1 carbonyls (Figure 4 ).
Fluorescence Behavior of Probes in Phospholipid Vesicles

Effect of Incorporation into Vesicles
Incorporation of the probes into vesicles results in a very strong increase of fluorescence intensity ( Figure  3 ), which is in line with their much higher quantum yields in vesicles with respect to water ( Table 1) . Only for PPZ is this difference in quantum yields lower. The quenching of 3-HF fluorescence in water is well known [9]. The screening from bulk water together with restriction in mobility of the environment are probably the two major factors responsible for the increase in probability of radiative transition from both N* and T* states. Importantly, for all the studied probes, the quantum yield in vesicles is much higher than in different organic solvents, which suggests that the restriction of mobility is an important factor.
For all the studied probes, the excitation spectra in phospholipid vesicles match closely the absorption spectra and do not differ considerably when recorded at N* or T* emission band maxima. This result, which is similar to that observed in neat solvents, allows us to rule out the presence of the anion form in emission and consider the two bands as originating from the same ground-state species.
Fluorescence spectra of probe F in the studied PC vesicles ( served by the parallax method. Surprisingly, the differences in fluorescence spectra between the probe F and the charged probe F2N8 in DOPC and EYPC (egg yolk to its broader distribution to deep and shallow areas. In contrast to F2N8, probe F4N1 contains a smaller polar phosphatidylcholine) vesicles are less pronounced than those observed in neat organic solvents. While in these trimethylammonium group and a large hydrophobic 4Ј-dibutylamino substituent at the opposite side of the solvents (see Figure 2 ) the N* band of probe F2N8 is substantially red shifted (by 26 nm in ethyl acetate), in flavone chromophore. Therefore, it has to penetrate deeply into the hydrophobic core of the bilayer and PC vesicles its position is almost the same as that of probe F (Figure 5) . A similar observation is made for attain its vertical or almost vertical orientation with respect to the bilayer plane. The ammonium groups of fluorescence intensity ratio, I N* /I T* (Table 1) . For flavone F2N8, this ratio is higher by approximately three times F2N8 and F4N1 should be fixed at almost the same positions close to the phosphate groups of the memin ethyl acetate as compared to F, while in DOPC vesicles the difference is by 1.3 times only. The same tenbrane phospholipids. Taking this into account, the observed 5 Å difference in the depth of the chromophores dency is observed for probes F4N1 and PPZ. The absorption spectra for probes F, F2N8, F4N1, and PPZ in (the size Х10 Å ) in the phospholipid layer can only be explained by their almost perpendicular orientations the PC vesicles are very similar to those obtained in neat solvents (Table 1) ; therefore, the origin of these with respect to each other in the lipid bilayer. The long hydrophobic spacer separating the zwitterionic polar variations should be in the excited-state electrostatic influence of positively charged substituent, which beheadgroup and the flavone moiety probably imposes the observed deep location of probe PPZ. However, its comes screened on incorporation into the bilayer. Most probably, it is the screening of positively charged groups orientation can be more flexible because the flavone moiety of this probe is not as hydrophobic as in probe of probes F2N8, F4N1, and PPZ by the negatively charged phospholipid phosphate headgroups.
F4N1.
These results allow us to schematize the location of It should also be noted that the fluorescence spectra of the studied probes do not differ in the range of the the different probes in Figure 4 . The important peculiarities in location of the probes' ESIPT reaction site lipid concentration 25-800 M (data not shown). The only exception is probe PPZ since its fluorescence spec-(3-hydroxyl and 4-carbonyl groups) should be noted. Table 1 ). This can be explained by redistribution of the probe to greater depths in the contribution from bulk solution, where this probe exhibits a nonnegligible quantum yield.
EYPC bilayer, the hydrophobic region of which displays broader structural heterogeneity due to the larger variety
Insensitivity to Variation in Fatty Acid Residues
The parent uncharged probe F shows lower relative inof fatty acid species. The same is observed with probe tensity of N* band (I N* /I T* ) in EYPC as compared to DOPC PPZ, which can exhibit broader distribution of locations vesicles, demonstrating the decreased polarity of its due to long distance between the chromophore and the charged group and lower hydrophobicity of 3-HF moiety. Meanwhile, this effect is absent for F2N8 and F4N1 (Figure 5 ; Table 1 ). This can be a result of their much more precise location in a layer 10-15 Å from the bilayer center, the properties of which do not depend significantly on the structure of phospholipid hydrocarbon chains. The same regularity is observed in negatively charged egg yolk phosphatidylglycerol (EYPG) with respect to dioleoyl phosphatidylglycerol (DOPG) vesicles: F2N8 and F4N1 compared to F and PPZ show much smaller decrease in I N* /I T* ratio ( Figure 5 ; Table 1 ). This allows for probes F2N8 and F4N1, avoiding the effect of the fatty acid composition and focusing the analysis on the effects of polarity, electrostatics, and hydrogen bonding.
Depth-Dependent Differences in Spectra
While in neat solvents the spectra of probes F4N1 and relative intensity (I N* /I T* ) with no essential differences in absorption spectra (Table 1) dent on the probe structure, their 3-HF chromophores can locate at different depths and in different orientations.
DOPC and EYPC lipids. For probe F2N8, the response
We show that the two-band fluorescent 3-HF probes is similar to that of probe F (Figure 5 ), which is in line inserted into the membrane bilayer allow for obtaining with their locations at the same depths (Figure 4) . The several parameters that characterize the properties of presence of the negative charge on the head groups of their location sites simultaneously. Similarly to com-DOPG and EYPG lipids results in increase of I N* /I T* ratio mon polarity-sensitive dyes, the shifts of their two without any considerable spectral shifts of emission emission bands are correlated with polarity of their bands (Table 1) . This result was shown previously with environment. The intensity ratio of these bands in addiprobe F [17], and its observation for more precisely tion to polarity effects is sensitive to specific interaclocated F2N8 signifies that it is not the translocation of tions that affect ESIPT reaction, and in particular, to flavone fluorophore, which responds to variations of the intermolecular hydrogen bonding. This provides the surface charge. Probe F4N1, with a significantly deeper possibility of characterizing the hydration of probe location and a more vertical orientation in the membinding sites in membranes. Because of unidirectional brane, also shows an increase in the I N* /I T* ratio (Table  character of M ϩ ), 388.0, 322.1, 314.0, 278.1, 153.5, 133 .0.
